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.HIGH PERFORMANCE COMPOSITES RESEARCH 

AT NASA-LANGLEY \ 

ABSTRACT 

B a r r i e r s  t o  t h e  more e x t e n s i v e  use o f  
advanced composites i n  h e a v i l y  loaded 
s t r u c t u r e  on commercial t r a n s p o r t s  a re  
d iscussed from a m a t e r i a l s  v iewpo in t .  NASA- 
Langley m a t r i x  development a c t i v i t i e s  designed 
t o  overcome these b a r r i e r s  a re  presented. 
These i n c l u d e  t h e  syn thes is  o f  processable , 
tough, durab le  mat r ices ,  t h e  development o f  
r e s i n  p roper ty lcompos i  t e  p r o p e r t y  r e l a t i o n -  
s h i p s  which h e l p  gu ide the  syn thes is  program, 
and t h e  e x p l o i t a t i o n  o f  new process ing  techno- 
logy t o  e f f e c t i v e l y  combine re in fo rcement  
f i l a m e n t  w i t h  polymer mat r ices .  Examples o f  
f i v e  c lasses  o f  polymers being i n v e s t i g a t e d  as 
m a t r i x  r e s i n s  a t  NASA-Langley w i l l  be present-  
ed, i n c l u d i n g  amorphous and s e m i - c r y s t a l l i n e  
t h e r m o p l a s t i c s ,  l i g h t l y  c r o s s l i n k e d  thermo- 
p l a s t i c s ,  s e m i - i n t e r p e n e t r a t i n g  networks and 
toughened thermosets.  R e l a t i o n s h i p s  between 
n e a t  r e s i n  modulus, r e s i n  f r a c t u r e  energy, 
i n t e r l a m i n a r  f r a c t u r e  energy, composi te 
compression s t rength ,  and post - impact  
compression s t r e n g t h  w i l l  be shown. Powder 
and s l u r r y  p rocess ing  techniques w i l l  be 
d i  scussed. 

BARRIERS TO COMPOSITE DEVELOPMENT 

H I G H  PERFORMANCE COMPOSITES f o r  coinmerci a1 
t r a n s p o r t s  can be ca tegor ized  i n t o  two broad 
groups, l i g h t l y  loaded (secondary) s t r u c t u r e  
and h e a v i l y  loaded (p r imary)  s t r u c t u r e .  I n  
1976, t h e  a i r c r a f t  manufacturers  had o n l y  

s t r u c t u r e  w i t h  cont inuous carbon f i b e r  
r e i n f o r c e d  thermosets.  Development and 

h i g h  and c o u l d  n o t  be est imated w i t h  any 
accuracy;  user  acceptance was v i r t u a l l y  n i l .  

s ta tements  no l o n g e r  r e f l e c t  the  

modest exper ience b u i  1 d ing  even secondary 

p r o d u c t i o n  c o s t s  o f  a composite s t r u c t u r e  were - 
..1 

Today, over  a decade l a t e r ,  these 

s t a t e - o f - t h e - a r t  f o r  secondary s t r u c t u r e  , 
main ly  because o f  NASA- and DOD-sponsored R&D 
a c t i v i t i e s  and company-supported IRAD 
e f f o r t s .  Composi t e  secondary components 
developed i n  NASA-sponsored programs and 
p laced i n  r e g u l a r  a i r l i n e  s e r v i c e  have 
accumulated over f o u r  m i l l i o n  f l i g h t  hours. 
Weight savings o f  these components over  t h e i  r 
aluminum c o u n t e r p a r t s  averaged 24 percent ;  
l o n g  d u r a t i o n  performance and m a i n t a i n a b i l i t y  
have been e x c e l l e n t .  New t r a n s p o r t s  b u i l t  i n  
Europe and the  U.S. make e x t e n s i v e  use o f  
composites i n  p o r t i o n s  o f  t h e  s t r u c t u r e ,  
most ly  i n  l i g h t l y  loaded areas. T h i s  segment 
o f  the  composites market  has come a l o n g  way. 
Yet, a p r o l i f e r a t i o n  o f  b a r r i e r s  s t i l l  e x i s t s  
today t o  t h e  more ex tens ive  use o f  comDosites 
as h e a v i l y  loaded pr imary  s t r u c t u r e  (wings, 
fuse lage]  on commercial t r a n s p o r t s .  Some o f  
the  b a F r i e r s  are l i s t e d  i n  F i g u r e  1. 

From a m a t e r i a l s  v iewpoint ,  t h e  f i r s t  
t h r e e  p lace  severe r e s t r i c t i o n s  on t h e  t y p e s  
o f  r e s i n s  and f i b e r s  acceptab le  as m a t r i c e s  
and re in forcements,  r e s p e c t i v e l y ,  f o r  'advanced 
composites. F i g u r e  2 o u t l i n e s  some of  t h e  
des i red  p r o p e r t i e s  o f  t h e  c o n s t i t u e n t s  i n  
r e l a t i o n  t o  these t h r e e  b a r r i e r s .  Improved 
damage t o l e r a n c e  r e q u i r e s  impact  and 
de laminat ion  r e s i s t a n c e  and good r e s i d u a l  
compression s t r e n g t h  a f t e r  sus ta ined damage. 
These p r o p e r t i e s ,  i n  t u r n ,  r e q u i r e  h i g h  f i b e r  
s t r a i n s ,  good r e s i n  shear s t rength ,  h i g h  r e s i n  
modulus and f r a c t u r e  toughness, and good 
f i b e r / r e s i n  i n t e r f a c i a l  adhesion. 

Lower m a t e r i a l  c o s t s  imp ly  t h a t  newly 
developed r e s i n s  and prepregs should be l e s s  
expensive than t h e  c u r r e n t  350°F cure  epoxy 
products .  These g e n e r a l l y  run  from $40 t o  
$100 per  pound f o r  cont inuous f i b e r  ( t a p e )  
prepreg. 

To overcome t h e  
i n t e n s i v e  manufactur 
composi te p rocess ing  
devel oped a1 ong w i  t h  
m a t e r i a l s .  To save 

t h i r d  b a r r i e r ,  l a b o r  
ng procedures,  automated 
technology must be 
compat ib le  m a t r i x  
abor costs ,  s tandard 
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press  and au toc lave  methods w i l l  be i n s u f f i -  
c i e n t .  Robot ic  tape l a y i n g ,  f i l a m e n t  winding,  
p u l t r u s i o n ,  r e s i n  t r a n s f e r  mold ing u t i l i z i n g  
woven t e x t i l e  preforms, vacuum mol ding, t rapp-  
ed rubber  and i n f l a t a b l e  mandrel thermoform- 
ing ,  t o  name some o f  the techniques, each w i l l  
f i n d  t h e i r  p lace  i n  t h i s  technology and 
r e q u i r e  r e s i n s  w i t h  s p e c i f i c  process ing 
p r o p e r t i e s .  

A number o f  company IRAD,  NASA and DOD 
programs are  aimed a t  develop ing nerr m a t r i x  
r e s i n  t o  meet these demanding requi rements and 
h e l p  overcome t h e  c r i t i c a l  b a r r i e r s .  I t  i s  
i m p o r t a n t  t o  note t h a t  these program are 
c a t e g o r i z e d  g e n e r a l l y  accord ing t o  l o n g  term 
s t r u c t u r a l  performance i n  t h r e e  temperature 
ranges : 

200°F wet - Subsonic Transpor ts  
350°F wet - Advanced T a c t i c a l  F i g h t e r  
400-550°F wet - Supersonic Transpor ts  and 

Thermop las t ic  and thermoset m a t r i c e s  are be ing  
developed and eva lua ted  i n  a l l  t h r e e  
tempera ture  ranges. I t  i s  t h e  purpose o f  t h i s  
paper  t o  descr ibe  some o f  t h e  polymer m a t r i x  
research  on-going a t  NASA-Langley. 

Engines 

NASA-LANGLEY MATRIX PROGRAM 

The major  f o c a l  areas o f  the program are  
t o  s y n t h e s i z e  processable,  tough, durab le  h i g h  
per formance mat r ices ;  develop r e l a t i o n s h i p s  
between mol ecu l  a r  s t r u c t u r e ,  neat  r e s i n  
p r o p e r t i e s  and composite p r o p e r t i e s ;  and 
develop process ing  technology t o  e f f e c t i v e l y  
combine re in fo rcement  f i l a m e n t s  w i t h  polymer 
m a t r i c e s .  Examples from each o f  these areas 
w i l l  be summarized i n  t h i s  paper. 

G u i d e l i n e s  f o r  the  syn thes is  o f  improved 
m a t r i c e s  come main ly  f rom p a s t  performance 
weaknesses, des ign c r i t e r i a  t h a t  cons ider  t h e  
most dangerous t h r e a t  t o  performance 
degradat ion ,  process l i m i t a t i o n s  and 
r e l a t i o n s h i p s  ( o f t e n  e m p i r i c a l )  between neat  
r e s i n  p r o p e r t i e s  and composi te p r o p e r t i e s .  
U t i l i z i n g  a l l  o f  these sources, a l i s t  o f  
d e s i r e d  r e s i n  and composite p r o p e r t i e s  was 
assembled and i s  shown i n  Table 1. These 
p r o p e r t i e s  and t h e i r  i n t e r r e l a t i o n s h i p s  w i l l  
be d iscussed i n  some d e t a i l .  

S ince h i g h  performance composites a re  
used m a i n l y  i n  s t i f f n e s s - c r i  t i c a l  designs, t h e  
tendency when developing new m a t e r i a l s  i s  t o  
maximize l o n g i t u d i n a l  moduli  ( >  20 Msi; Table 
1 )  w h i l e  m a i n t a i n i n g  acceptable l e v e l s  o f  
s t r e n g t h ,  s t r a i  n - t o - f a i  1 ure,  f r a c t u r e  
toughness and impact r e s i s t a n c e .  T e n s i l e  
p r o p e r t i e s  a re  f i b e r  dominated so the cho ice  
o f  f i b e r  ( l e v e l  o f  modulus, s t rength ,  
s t r a i n - t o - f a i l u r e )  i s  d i c t a t e d  by the  
a p p l i c a t i o n .  The p r o p e r t i e s  i n  Table 1 are  
nominal  va lues f o r  a h i g h  t e n s i l e  s t r e n g t h  
f i b e r .  

l a m i n a t e s  a r e  bo th  f i b e r  and m a t r i x  
dependent. Whi le  compressive moduli  are 

STRUCTURE -PROPERTY RELATIONSHIPS - 

Compressive p r o p e r t i e s  i n  u n i d i r e c t i o n a l  

c o n t r o l l e d  by the  f i b e r ,  compressive s t r e n g t h  
i s  r e l a t e d  t o  neat  r e s i n  shear modulus, G 
( l a ) . *  I n  t u r n ,  f o r  homogeneous, i s o t r o p i c  
m a t e r i a l s ,  G, i s  r e l a t e d  t o  r e s i n  t e n s i l e  
modulus, E, v i a  Po isson 's  r a t i o ,  u. Table 2 
shows the r e l a t i o n s h i p  between E and composi te 
u n i d i r e c t i o n a l  compressive s t r e n g t h  f o r  f o u r  
h y p o t h e t i c a l  r e s i n s .  From t h e  tab le ,  i t  i s  
e a s i l y  seen t h a t  t o  achieve a room temperature 

h i g h l y  d e s i r a b l e  value, E should be near 500 
K s i  ( l b ) .  The l a t t e r  va lue  represents  a key 
goal i n  t h e  design and s y n t h e s i s  o f  new 
m a t e r i a l s .  For  values o f  E and v o f  500 K s i  
and 0.35, r e s p e c t i v e l y ,  a G near 200 K s i  i s  
requ i  red. 

Resin s t rengths  should be r e l a t i v e l y  h i g h  
t o  p revent  o r  min imize i n t r a p l y  c r a c k i n g  i n  
t h e  composite under impact  c o n d i t i o n s  and a l s o  
t o  a f f o r d  good t ransverse  p r o p e r t i e s .  
S u f f i c i e n t  r e s i n  f r a c t u r e  toughness i s  
r e q u i r e d  t o  p revent  cracks o r  d e f e c t s  f rom 
propagat ing,  especi a1 l y  t o  a c r o s s p l y  
i n t e r f a c e ,  and l e a d i n g  t o  de laminat ion  and 
severe d i m i n u t i o n  o f  mechanical p r o p e r t i e $ .  
r e s i n  f r a c t u r e  energy o f  5-11 in . - lb . / in .  i s  
suggested as s u f f i c i e n t  and represents  a 
second impor tan t  goal i n  t h e  des ign and 
syn thes is  o f  new m a t r i c e s .  T h i s  va lue w i l l  be 
f u r t h e r  j u s t i f i e d  i n  a l a t e r  d iscuss ion  on 
post - impact  compression p r o p e r t i e s .  

A key p r o p e r t y  d r i v e r  f o r  h i g h  
performance composi tes used i n  commerci a1 
t r a n s p o r t s  i s  t h e  r e t e n t i o n  o f  compressive 
s t r e n g t h  and s t r a i n  a f t e r  impact. The t e s t  i s  
u s u a l l y  performed on a 1 /4 - inch  t h i c k  
q u a s i - i s o t r o p i c  panel u s i n g  as t h e  impactor  
e i t h e r  a Gardner drop we igh t  o r  a low v e l o c i t y  
aluminum b a l l .  Accepted compressive s t r e n g t h s  
i n  an undamaged q u a s i - i s o t r o p i c  panel range 
from 100 t o  110 K s i  and s t r a i n s  f rom 1.5 t o  
2.0 percent .  F o r  a damaged panel ,  a r e s i d u a l  
s t r e n g t h  o f  50 K s i  w i th  0.6 p e r c e n t  s t r a i n  i s  
h i g h l y  des i red .  What n e a t  r e s i n  p r o p e r t i e s  
are needed t o  achieve such performance? 

F i r s t ,  the  neat  r e s i n  modulus must be 
near 500 K s i  i n  o rder  t o  y i e l d  a compressive 
s t r e n g t h  near 200 K s i  f o r  a u n i d i r e c t i o n a l  
panel and near 100 K s i  o r  as h i g h  as p o s s i b l e  
f o r  an undamaged q u a s i - i s o t r o p i c  panel. 

Second, a modest amount o f  i n t e r l a m i n a r  
f r a c t u r e  toughness i s  r e q u i r e d  t o  p revent  
impact-generated c racks  f rom propagat ing  and 
causing excess ive de laminat ion .  I n  o t h e r  
words, whi 1 e damage p r e v e n t i o n  i s  h i g h l y  
des i red,  damage conta inment  i s  c r u c i a l .  A 
p l o t  o f  compressive s t r a i n  a f t e r  impact versus 
i n t e r l a m i n a r  f r a c t u r e  toughness, GIC, i s  
shown i n  F i g u r e  3 and i n d i c a t e s  t h a t  
post - impact  compressive s t r g i n  maximizes a t  
approx imate ly  4 i n . - l b . / i n .  o f  i n t e r l a m i n a r  
f r a c t u r e  energy, then l e v e l s  o f f  (2 ) .  H igher  
G l c  va lues do n o t  h e l p  b u t  may even h i n d e r  

* 

0" compressive s t r e n g t h  above 200 Ksi ,  a 4 

A 

*Numbers i n  parentheses des ignate references 
a t  end o f  paper. 
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i f  they are achieved by compromising neat  
r e s i n  modulus. Apparent ly ,  de laminat ion  i s  
t h e  predominant mode o f  f a i l u r e  up t o  a g iven 
Glc l e v e l .  Then, o t h e r  f a i l u r e  modes n o t  
i n f l u e n c e d  by r e s i s t a n c e  t o  de laminat ion  

f r a c t u r e  toyghness range from 4 t o  6 
i n . - l b . / i n .  was  chosen as d e s i r a b l e .  Then, 

G l c  and neat  r e s i n  f r a c t u r e  energy, F i g u r e  
4, i t  can be seen t h a t  a d e s i r e d  va lue f o r  
r e s i n  f r a c t y r e  toughness ranges from 5-11 
i n . - l b . / i n .  ( 3 ) .  

r e s i n  modulus and r e s i n  o r  composite f r a c t u r e  
toughness are  p l o t t e d  together ,  F i g u r e  5, i t  
i s  tempt ing  t o  conclude t h a t  as modulus 
i n c r e a s e s  toughness decreases, a t r a d i t i o n a l  
p o i n t - o f - v i e w  (see shaded area)  ( 4 ) .  But, as 
more r e c e n t  data on h i g h  performance polymers 
such as PEEK, T o r l o n  and K-111, have become 
a v a i l a b l e ,  i t  can be seen t h a t  h i g h  values o f  
b o t h  p r o p e r t i e s  can be achieved (5). T h i s  
shou ld  be good news f o r  bo th  the  s y n t h e t i c  
chemis t  and t h e  composites engineer,  r o v i d e d  
t h e s e  n e a t  r e s i n  p r o p e r t i e s  a r e  e f f e c t i v e  + 
t r a n s 1  a t e d  t o  t h e  composi tes.  

modulus and modest f r a c t u r e  toughness are 
r e q u i r e d  f o r  acceptab le  post - impact  
compressi  ve p r o p e r t i e s .  High modulus r e s i  n 
a l o n e  i s  unacceptable s ince  impact w i l l  cause 
severe d e l a m i n a t i o n  and low compressive 
va lues .  Apparent ly ,  a reasonable degree o f  
t r a n s v e r s e  shear de format ion  i n  t h e  composi te 
i s  r e q u i r e d  t o  p r e v e n t / c o n t a i n  impact damage 
(6). T h i s  p r o p e r t y  i s  man i fes ted  through t h e  
a b i l i t y  c f  t h e  m a t r i x  t o  y i e l d  and absorb 
energy w h i l e  m a i n t a i n i n g  a reasonably h i g h  
s t i f f n e s s  t o  suppor t  t h e  f i b e r s .  

c o n s i d e r  t h e  p r o c e s s a b i l i t y  o f  a p o t e n t i a l  
m a t r i x .  The imprecjc3ting r e s i n  nus t  have a 
l o n g  s h e l f  l i f e  and be e a s i l y  q u a l i t y  
c o n t r o l l e d .  I t  must be capable o f  p e n e t r a t i n g  
carbon f i b e r  tow bundles and w e t t i n g  each 
f i l a m e n t .  I t  should y i e l d  prepreg w i t h  t h e  
good tack  and drape necessary f o r  layup o f  
c u r v e d  a r t i c l e s .  
p r o c e s s i n g  c y c l e s .  
e p o x i e s  seem t o  dominate t h e  subsonic 
t r a n s p o r t  market  because they meet many o f  
these process ing  standards,  t h e  i d e a l  
thermoset  o r  thermop las t ic  matri-  e l e v a t e d  
tempera ture  a p p l i c a t i o n s  has y e t  t o  be 
devel  oped. I n  addi ti on t o  those requi rements 
j u s t  l i s t e d ,  some a d d i t i o n a l  h i g h l y  d e s i r e d  

They r e p r e s e n t  f u r t h e r  key goals  f o r  t h e  
s y n t h e t i c  chemist  t o  contemplate i n  h i s  
development o f  h i g h  performance m a t r i x  
m a t e r i a l s  designed t o  overcome the c r i t i c a l  
b a r r i e r s  l i s t e d  i n  F i g u r e  1. 

dominate.  To be conserva t ive ,  an i n t e r l a m i n a r  

s by u s i n g  t h e  r e l a t i o n s h i p  between i n t e r l a m i n a r  

When two o f  t h e  key s y n t h e t i c  p r o p e r t i e s ,  

I t  should be noted t h a t  both h i g h  r e s i n  

The s y n t h e t i c  chemist  must a lso  s e r i o u s l y  

I t  should be capable o f  f a s t  
Whi le 350°F cure toughened 

h f e a t u r e s  o f  such a m a t r i x  are g iven below. 

o Monomer o r  o l igomer 
o Simple s t a b l e  f o r m u l a t i o n  
o 
o Polymer izes w i t h o u t  e v o l u t i o n  o f  

L i q u i d  o r  low m e l t i n g  s o l i d  

3 

vo l  a t i  l e s  
o Forms so lvent  r e s i s t a n t ,  tough, 

durable polymer 
SYNTHESIS PROGRAMS - F i v e  c lasses of 

polymers being i n v e s t i g a t e d  as m a t r i x  r e s i n s  
a t  NASA-Langley are l i s t e d  below: 

o Amorphous thermop las t ics  
o S e m i - c r y s t a l l i n e  thermop las t ics  
o L i g h t l y  c r o s s l i n k e d  thermop las t ics  - 

r e a c t i v e  groups te rmina l  , pendent o r  
w i t h i n  the  c h a i n  

o Toughened thermosets 
o Blends and s e m i - i n t e r p e n e t r a t i n g  

networks ( thermosets )  
The chemist ry  and p r o p e r t i e s  o f  examples f rom 
each c l a s s  w i l l  be b r i e f l y  descr ibed. 

whose chemical s t r u c t u r e  i s  g iven  i n  F i g u r e  6, 
i s  a tough, h i g h  modulus (E = 540 K s i )  
amorphous p o l y i m i  de c o n t a i n i n g  meta catena- 
t i o n  i n  t h e  d iamine-der ived p o r t i o n  o f  t h e  
molecule ( 7 ) .  
Langley as a h i g h  temperature adhesive f o r  
t i t a n i u m ,  composite and po ly imide  f i l m  
adherends (8) .  I t s  p o t e n t i a l  as a composi te 
m a t r i x  appeared t o  be n i l  because o f  l a c k  o f  
me1 t f l o w  d u r i n g  prepreg c o n s o l i d a t i o n .  
Recent work a t  Langley has shown, however, 
t h a t  t h e  a d d i t i o n  o f  small  q u a n t i t i e s  o f  low 
molecu la r  weight  bisami deaci ds t o  polyamic 
a c i d  s o l u t i o n s  enhance t h e  m e l t  f l o w  
p r o p e r t i e s  o f  the corresponding po ly imides  
(9). P r e p a r a t i o n  o f  t h e  b isamideac id  f rom 
PMDA and a n i l i n e  i s  shown i n  F i g u r e  7 .  
A d d i t i o n  o f  2.5 percent  o f  t h i s  a d d i t i v e  t o  
LARC-TPI s u f f i c i e n t l y  improved m e l t  f l o w  
p r o p e r t i e s  t o  a1 1 ow we1 1 -consol i dated 
u n i d i r e c t i o n a l  g r a p h i t e  panels  t o  be 
f a b r i c a t e d .  

Shor t  beam shear and f l e x u r a l  p r o p e r t i e s  
o f  these laminates are g iven i n  Table 3 a l o n g  
w i t h  t h e  corresponding p r o p e r t i e s  o f  poorer  
q u a l i t y  laminates made from LARC-TPI w i t h o u t  
a d d i t i v e  (10).  The enhancement i n  composi te 
p r o p e r t i e s  i s  s t r i k i n g .  T h i s  technique o f  
improv ing  m e l t  f low has been demonstrated w i th  
o t h e r  low f l o w  po ly imides  such as po ly imide-  
su l fone (E = 719 K s i ) ,  whose s t r u c t u r e  i s  
shown i n  F i g u r e  6; 6F-BDAF s o l u b l e  po ly imide ;  
and a copoly imide d e r i v e d  from BDSDA, 
4,4'-ODA, and m-PDA (9,101. 

Langley f o r  enhancing t h e  m e l t  f l o w  o f  p o l y -  
imides was t o  add a low molecu la r  weight,  l o w  
me1 t v i  scos i  ty  , i nsol  u b l  e c r y s t a l  1 i ne p o l y -  
im ide  powder t o  t h e  polyamic a c i d  s o l u t i o n  
(10). The r e s u l t a n t  s l u r r y  was e a s i l y  p re-  
pregged because t h e  p a r t i c l e  s i z e  o f  t h e  pow- 
der  was s u f f i c i e n t l y  small  t o  a l l o w  penetra-  
t i o n  o f  t h e  tow bundles.  The polyamic a c i d  
a c t s  as a b i n d e r  t o  a i d  t h e  at tachment o f  t h e  
p o l y i m i d e  powder t o  the  i n d i v i d u a l  f i l a m e n t s .  

on the  c r y s t a l l i n e  LARC-TPI 2000 i m i d i z e d  
powder f rom M i t s u i  Toatsu. 
v i s c o s i t y  o f  t h i s  powder versus cure  t ime a t  
t h r e e  temperatures i s  g iven  i n  F i g u r e  8 (11). 

AMORPHOUS THERMOPLASTICS - LARC-TPI, 

It was developed a t  NASA- 

Another technique d iscovered a t  NASA- 

S tud ies  a t  NASA-Langl ey have concent ra ted  

The complex 



It can be seen t h a t  m e l t  v i s c o s i t i e s  as low as 
100-1000 po ise  can be achieved f o r  up t o  one- 
h a l f  hour be fo re  cha in  p ropagat ion  r e a c t i o n s  
cause an inc rease i n  mo lecu la r  we igh t  w i t h  a 
concomi tan t  inc rease i n  m e l t  v i s c o s i t y .  M e l t  
f 1 ow numbers o f  va r ious  blends of LARC-TPI 
powder i n  LARC-TPI polyamic a c i d  and LARC-TPI 
powder i n  P I S O L  polyamic a c i d  a re  shown i n  
F i g u r e  9. These data were taken from p a r a l l e l  
p l a t e  plastorneter experiments a t  3 2 5 Y  and 171 
p s i .  The f l o w  increases  d r a m a t i c a l l y  w i t h  
i n c r e a s i n g  amounts o f  LARC-TPI powder. 

phous r e s i n  were s tud ied  as m a t r i x  m a t e r i a l s .  
I n  a l l  cases, w e l l - c o n s o l i d a t e d  u n i d i r e c t i o n a l  
g r a p h i t e  composites cou ld  be f a b r i c a t e d .  Out- 
s t a n d i n g  s h o r t  beam shear and f l e x u r a l  proper-  
t i e s  were ob ta ined  w i t h  bo th  the  LARC-TPI 
powder/LARC-TPI amorphous system, F i g u r e  10, 
and t h e  LARC-TPI powder/PIS02 amorphous 
system, F i g u r e  11, e s p e c i a l l y  when these 
p r o p e r t i e s  a re  compared w i t h  those from pane ls  
made w i t h  the  v i r g i n  amorphous polymers. 

The use o f  a powder s l u r r y  b lend  t o  
i n c r e a s e  me1 t f l o w  and enhance prepreg 
c o n s o l i d a t i o n  should no t  be l i m i t e d  t o  
c r y s t a l  1 i ne-amorphous po ly im ide  systems. 
Combi n a t i o n s  o f  o the r  polymer c lasses  can be 
e n v i s i o n e d  t o  produce h i g h  f l o w  the rmop las t i c  
ma t r i ces .  Also, the powder s l u r r y  b lend  
techn ique  when a p p l i e d  t o  po ly imides  can be 
used i n  combina t ion  w i t h  bisamide a c i d  dopants 
t o  f u r t h e r  enhance f l o w  p r o p e r t i e s .  Such 
s t u d i e s  are  c u r r e n t l y  be ing  i n v e s t i g a t e d  a t  
NASA-Langley. Large s k i n - s t r i n g e r  pane ls  
c o n t a i n i n g  up t o  32 p l i e s  i n  some areas have 
been s u c c e s s f u l l y  f a b r i c a t e d  i n  the au toc lave  
w i t h  p rep reg  prepared from a s l u r r y  o f  LARC- 
T P I  powder i n  amorphous P I S O L  s o l u t i o n  con- 
t a i n i n g  2.5 percent  bisamide a c i d  dopant ( 1 2 ) .  

CRYSTALLINE THERMOPLASTICS - The 
chemis t r y  o f  a new c l a s s  o f  s e m i - c r y s t a l l  i n e  
p o l y i m i d e s  developed a t  Langley i s  shown i n  
F i g u r e  12 (13). The diamines are  e a s i l y  
syn thes i zed  from halogenated d ike tones  and 
aminophenol as shown on the  bottom o f  F i g u r e  
12. The d i ke tone  i s  economical ly prepared v i a  
a F r i e d e l  C r a f t s  r e a c t i o n  o f  b i s a c i d  c h l o r i d e s  
and halobenzenes. Of the  many polymers 
prepared by t h i s  scheme, one o f  the  most 
a t t r a c t i v e  i s  shown a long w i t h  some p r o p e r t i e s  
i n  F i g u r e  13. The h igh  Tg, modulus and tough- 
ness va lues  are  extremely a t t r a c t i v e .  T e n s i l e  
p r o p e r t i e s  o f  f i l m s  soaked 100 hours i n  30 
p e r c e n t  sodi  um hydrox i  de o r  hydraul  i c f l u i d  o r  
h e l d  t h r e e  days i n  b o i l i n g  water remained 
v i r t u a l l y  unchanged. 
t i o n  o f  room temperature f i l m  t e n s i l e  p roper -  
t i e s  was observed a f t e r  100 hours ag ing  a t  
316OC i n  a i r .  Most o f  these p r o p e r t i e s  can be 
a t t r i b u t e d  t o  the  s e m i - c r y s t a l l i n e  na tu re  o f  
t h i s  m a t e r i a l .  The m a t e r i a l  a l s o  has ou t -  
s t a n d i n g  adhesion t o  t i t a n i u m .  Cur ren t  
i n v e s t i g a t i o n s  are aimed a t  c o n t r o l l i n g  
m o l e c u l a r  we igh t  i n  o rder  t o  i nc rease  
m e l t  f l o w  p r o p e r t i e s .  Then, composite s t u d i e s  
w i l l  be i n i t i a t e d .  

Va r ious  r a t i o s  o f  c r y s t a l  1 i ne t o  amor- 

Over 90 pe rcen t  re ten -  

BLENDS AND SEMI-INTERPENETRATING NETWORKS 
- These thermoset m a t e r i a l s  a re  made by 
a d d i t i o n  po lymer i za t i on  of a p recu rso r  
thermoset ol igomer i n  the  presence o f  a h i g h e r  
mo lecu la r  we igh t  l i n e a r  polymer. One 
advantage t o  t h i s  approach i s  t h a t  t h e  
po lymer i za t i on  i s  conducted as p a r t  o f  t he  
f a b r i c a t i o n  process and u s u a l l y  r e q u i r e s  much 
m i  1 der  condi t i o n s  than those r e q u i r e d  t o  
process the rmop las t i cs .  Another advantage i s  
t h a t  t he  r e s u l t i n g  network, i f  p r o p e r l y  
con f igu red  from compat ib le  components, does 
n o t  need t o  possess mu l t i phase  morphology t o  
e x h i b i t  good f r a c t u r e  toughness and mechanical 
p r o p e r t i e s .  A t h i r d  advantage i s  t h a t  no 
vo l  a t i  1 es are evo l  ved d u r i n g  the  po lymer i  za- 
t i o n .  The technique has been used e x t e n s i v e l y  
t o  developed tough 350°F cu re  epoxy m a t r i c e s  
such as Ciba 914 and Hercu les  8551-7, which 
are mul t iphase systems. S tud ies  a t  NASA- 
Langley have concent ra ted  on p o l y i m i  de semi- 
IPNs which are cons t ruc ted  from chemica l l y  
s i m i l a r  b u i l d i n g  b locks  and apparent ly  do n o t  
exh i  b i t  separate phases. 

One composi t ion,  s t i  11 under 
i n v e s t i g a t i o n ,  was designed t o  toughen 
bismaleimides. The r e a c t i o n  scheme i s  shown 
i n  F i g u r e  14. ( 1 4 ) .  A s u l f o n e  BMI powder was 
added t o  a PIS02 polyamic a c i d  s o l u t i o n  t o  
form a s l u r r y  which was prepregged onto carbon 
f i b e r  and e a s i l y  f a b r i c a t e d  i n t o  
we1 1 -consol  i dated g r a p h i t e  composite p l a t e s .  
Me1 t f l o w  was excep t iona l  . Shor t  beam shear 
and f l e x u r a l  p r o p e r t i e s  shown i n  Tab le  4 were 
ou ts tand ing .  Fu r the r ,  s h o r t  beam shear 
s t reng ths  a t  4OOOF were almost i d e n t i c a l  t o  
room temperature values. However, t h e  
composites d i d  n o t  e x h i  b i t  improved 
i n t e r l  ami nar  f r a c t u r e  toughness. Apparent ly ,  
the  molecu la r  we igh t  o f  t h e  BMI was so l ow  
t h a t  i t  formed a c r o s s l i n k  dens i t y  too h i g h  
f o r  the  network t o  be " toughenab le '  (15) .  
H ighe r  mo lecu la r  we igh t  ve rs ions  o f  t h i s  BMI 
have been syn thes ized and are  under 
i n v e s t i g a t i o n .  

The p r e p a r a t i o n  o f  semi-P-IPNs f rom 
acety lene- te rmina ted  po ly im idesu l fone  o l i gomer  
and h i  gh mol ecu l  a r  wei g h t  po l y im idesu l  fone i s  
shown i n  F i g u r e  15 (16 ) .  The c r o s s l i n k e d  and 
1 i near components were combined i n  v a r i o u s  
r a t i o s  t o  op t im ize  the  fo rmu la t i on .  
Mechanical p r o p e r t i e s  o f  woven g r a p h i t e  
composi tes made from a 65:35 c r o s s 1 i n k : l i n e a r  
system are a l so  g iven i n  F i g u r e  15. The 
va lues  are  q u i t e  respec tab le  f o r  f a b r i c  
laminates .  S i m i l a r  s t u d i e s  were performed 
w i t h  l i n e a r  h igh  mo lecu la r  we igh t  LARC-TPI 
combined e i  t h e r  w i t h  an a c e t y l  ene-termi na ted  
LARC-TPI ol igomer o r  w i th  Thermid LR 600 
acety lene- te rmina ted  01 igomer (17). 

Several  approaches were s t u d i e d  t o  i nc rease  
t h e  processabi  1 i t y  , so l  v e n t  res i s tance  and 
modul i  o f  p o l y a r y l  ene su l fones  w i t h o u t  
seve re l y  compromising f r a c t u r e  toughness. 
They i n v o l v e d  at tachment o f  c r o s s l i n k i n g  
groups e i t h e r  w i t h i n  t h e  main chain, pendent 
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t o  the  cha in  o r  a t  the  cha in  ends, i n  each 
case va ry ing  the  cha in  l e n g t h  t o  c o n t r o l  
c r o s s l  i n k  dens i t y  and op t im ize  the  des i red  
p r o p e r t i e s .  The chemis t ry  and p r o p e r t i e s  f rom 
one approach u t i l i z i n g  e thyny l - te rm ina ted  
p o l y s u l f o n c s  are shown i n  F i g u r e  1G (18 ) .  
V a r i  ous mol ccu l  a r we i g h t  hydroxy l  - te rm i  na ted  
p o l y s u l  fones were synthesized and endcapped 
w i t h  p -e thyny l  benzoyl c h l o r i d e .  P r o p e r t i e s  
o f  nea t  r e s i n  moldings show t h a t  as t h e  
c a l c u l a t e d  number-average molecu la r  we igh t  
decreased from 12,000 t o  4000 g/mole, f r a c t u r e  
toughness decregsed p r o p o r t i o n a t e l y  - fsom 
2100 t o  790 J/m (12 t o  4.5 i n . - l b . / i n .  ) ,  
r e s p e c t i v e l y .  From gu ide l i nes  g iven i n  the  
s e c t i o n  on S t r u c  tu re-Proper ty  Re1 a t i  onshi  ps, 
t h e  l owes t  va lue  i s  s t i l l  an acceptab le  
f r a c t u r e  toughness number. I m p o r t a n t l y ,  t he  
cu red  polymer made from 4000 g/mole p recu rso r  
was u n a f f e c t e d  by h y d r a u l i c  f l u i d  a l though 
m i  n o r  swe l l  i ng was observed i n  ch lo ro fo rm.  
F1 e x u r a l  t e s t s  on un i  d i r e c t i o n a l  g raph i  t e  
composi tes i n d i c a t e d  t h a t  the  m a t e r i a l  
r e t a i n e d  a h i g h  degree o f  i t s  r o m  temperature 
s t r e n g t h  t o  350°F (F igu re  1 7 ) .  The unmodi f ied  
m a t e r i a l  c o u l d  b a r e l y  be t e s t e d  a t  t h a t  
temperature.  Un fo r tuna te l y ,  t h e  cured  nea t  
r e s i n  modul i  were marginal  f o r  advanced 
composi te a p p l i c a t i o n s .  

An ex tens i ve  s y n t h e t i c  study was r e c e n t l y  
comple ted  a t  Langley on new l i n e a r ,  amorphous, 
tough p o l y a r y l e n e  e the rs  (19).  Some o f  t h e  
b a s i c  polymer repea t  u n i t s  a re  shown i n  F i g u r e  
18. Tg va lues  f o r  most o f  the  compos i t ions  
v a r i e d  f rom 114" t o  170°C (237' t o  338°F). 
Polymers c o n t a i n i n g  the  9,g-f luorene moie ty  
had h i g h e r  Tg values, rang ing  from 223' t o  
243°C (433" t o  470'F). Un fo r tuna te l y ,  t h i n  
f i l m  t e n s i l e  modul i  were very l o d ,  va ry ing  
f rom 307 t o  390 K s i .  F lexu re  and s h o r t  beam 
shear values f o r  f a b r i c  composites made w i t h  
seve ra l  o f  these composites were low because 
of t h e r m o p l a s t i c  f a i l u r e .  

A t tempts  were made t o  improve the  
p r o p e r t i e s  o f  these po lya ry lene  e the rs  by 
l i g h t l y  c r o s s l i n k i n g  through the  use o f  
e t h y n y l  t e r m i n a t i o n  ( 2 0 ) .  As w i t h  the  
p o l y s u l f o n e s ,  t he  cha in  l e n g t h  o f  the hydroxy- 
t e r m i n a t e d  polymer was v a r i e d  p r i o r  t o  c h a i n  
t e r m i n a t i o n  w i t h  p-ethynylbenzoyl  c h l o r i d e  
( F i g u r e  19 ) .  P r o c e s s a b i l i t y  was markedly 
enhanced. Us ing  a p recursor  polymer hav ing  a 
c a l c u l a t e d  number average molecu la r  we igh t  o f  
8500 g/mole, adhesive bonds cou ld  be made a t  
45OoF/50 psi/O.5 hour. 
a f fo rded  e x c e l l e n t  203°F p r o p e r t i e s  and 
e x h i b i t e d  b e t t e r  res i s tance  t o  waterboi  1 and 
h y d r a u l i c  f l u i d  exposure than d i d  bonds made 
w i t h  the  uncross1 i n k e d  polymer (Tab1 e 5 ) .  
Composite s tud ies  are planned pending scale-up 
o f  t he  a p p r o p r i a t e  e thyny l - te rm i  na ted  
p o l y a r y l e n e  e t h e r .  F u r t h e r  m o d i f i c a t i o n  o f  
t h i s  polymer i s  discussed i n  the  nex t  sec t i on .  

TOUGHENED THERMOSETS - A low molecu la r  
w e i g h t  e thyny l  - t e rm i  nated po lya ry lene  e t h e r  
hav ing  a c a l c u l a t e d  ndmber average molecul  a r  
we igh t  o f  -4500 g/mole was combined w i t h  a 
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very  low molecular we igh t  o l i g o m e r i c  
ace ty lene- te rmina ted  p o l y s u l  fone t o  form a 
compat ib le and unique h lend  t h a t  c o u l d  be 
prepregged r e a d i l y  f rom ketone so lvents .  The 
chemis t ry  o f  t h i s  p recu rso r  b l e n d  i s  given i n  
F i g u r e  20 (21) .  C r o s s l i n k i n g ,  branching and 
cha in  ex tens ion  a l l  occur  d u r i n g  thermal cure. 

Carbon f i b e r  c l o t h  l am ina tes  were e a s i l y  
f a b r i c a t e d  from c l o t h  p repreg a t  450°F/80 
p s i / 2  hours. Data on f l e x u r a l  and sho r t  beam 
shear specimens t e s t e d  a t  200°F wet and d ry  
a re  shown i n  Table 6. The va lues  are  
e x c e l l e n t ,  e s p e c i a l l y  f o r  c l o t h  composites, 
and d i d  no t  s i g n i f i c a n t l y  drop a f t e r  mo is tu re  
s a t u r a t i o n .  T h i s  i n d i c a t e s  t h a t  t he  r e s u l t i n g  
thermoset m a t r i x  i s  r e l a t i v e l y  impervious t o  
mo is tu re  pickup. F r a c t u r e  toughness and o t h e r  
mechanical p r o p e r t i e s  have n o t  been measured 
SO i t  i s  unknown what p r o p e r t i e s  were s a c r i -  
f i c e d  t o  achieve these r e s u l t s .  H igher  mole- 
c u l  a r  we igh t  e thyny l  - t e rm ina ted  po lya ry lene  
e thers  cou ld  be used t o  i nc rease  toughness. 
Ex tens ive  composite e v a l u a t i o n  i s  planned. 

o l igomer  t h a t  t he rma l l y  po lymer izes  t o  a h i g h  
temperature b r i t t l e  thermoset. Because o f  
t h e i r  h i g h  c r o s s l  i n k  d e n s i t y  , PMR-15 
composites e a s i l y  m i  c rocrack  when the rma l l y  
cycled. Several approaches a re  be ing  
i n v e s t i g a t e d  t o  toughen PMR-15 mat r i ces  i n  
o rde r  t o  p revent  o r  d i m i n i s h  m a t r i x  
mic rocrack ing .  One approach i s  t o  b lend a 
s p e c i a l l y  fo rmula ted  PMR-15 o l igomer  o f  h i g h e r  
mo lecu la r  we igh t  w i t h  h i g h  molecu la r  we igh t  
t he rma l l y  s t a b l e  po l y im ides  such as LARC-TPI, 
NR150B2 o r  Thermid LR 600 ( 2 2 ) .  Composites 
da ta  f o r  a PMR-15/LARC-TPI semi-IPN are  g i ven  
i n  Table 7. 
was s i g n i f i c a n t l y  i nc reased  a t  some s a c r i f i c e  
i n  g lass  t r a n s i t i o n  temperature and, 
t he re fo re ,  ope ra t i ng  temperature.  However, 
t h i s  t r a d e - o f f  m igh t  be acceptab le  f o r  many 
a p p l i c a t i o n s  where m ic roc rack ing  needs t o  be 
e l i m i n a t e d  or c o n t r o l l e d .  

PROCESSING TECHNOLOGY - A major problem 
i n  the  process ing  o f  t he rmop las t i cs  and h i g h  
temperature thermosets i s  t he  d i f f i c u l t y  o f  
e f f e c t i v e l y  combining the  re in fo rcemen t  w i t h  
t h e  polymer ma t r i x .  Thermop las t ics  have 
extremely h i g h  m e l t  v i s c o s i t i e s  which make 
p e n e t r a t i o n  i n t o  the  tow bundle d i f f i c u l t .  

recommended because o f  t o x i c i t y  and s o l v e n t  
hand1 i n g  problems. F u r t h e r ,  most commerci a1 
tape prepregg i  ng machines are  designed o n l y  
f o r  h o t  m e l t  coa t ing ,  e s p e c i a l l y  f o r  epoxies.  
Consequently, NASA-Langley has been i n v e s t i -  
g a t i n g  ways t o  powder c o a t  carbon f i b e r .  
F l u i d i z e d  bed, s l u r r y ,  and e l e c t r o d e p o s i t i o n  
techniques are be ing  examined i n  coopera t i on  
w i t h  Clemson U n i v e r s i t y  and Georgia I n s t i t u t e  
o f  Technology. 
powder s l u r r y  techn ique i s  be ing  developed a t  
BASF S t r u c t u r a l  M a t e r i a l s  which i s  a p p l i c a b l e  
t o  bo th  thermosets and the rmop las t i cs .  
Powder-coated prepreg shou ld  have good drape 
and perhaps even some tack ,  depending upon t h e  

PMR-15 i s  a nad imide- te rmina ted  po ly im ide  

I n t e r l a m i n a r  f r a c t u r e  toughness 

Prepregging from organ ic  so l ven ts  i s  n o t  

I n  a d d i t i o n ,  a p r o p r i e t a r y  
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process. Powder-coated tow has the  p o t e n t i a l  
t o  be woven i n t o  c l o t h  and preforms and t o  be 
f i l a m e n t  wound and pu l t ruded .  
r e v o l u t i o n i z e  composite p rocess ing  technology 
by be ing  c o s t - e f f e c t i v e  t o  produce and t o  
f a b r i c a t e .  

FUTURE D:RECTIONS - Synthes is  a c t i v i t i e s  
w i l l  con t inue t o  emphasize the  development o f  
an i d e a l  processable h i g h  tempera ture  thermo- 
p l a s t i c ,  toughened h igh  temperature thermo- 
se ts ,  s e m i - c r y s t a l l i n e  po ly imides ,  blends and 
semi-IPNS. I n  a d d i t i o n ,  p rocessab le  i no rgan ic  
m a t r i c e s  w i l l  be i n v e s t i g a t e d  f o r  p o t e n t i a l  
a p p l i c a t i o n  above 600OF. Powder c o a t i n g  
techn iques  f o r  con t inuous  re in fo rcemen ts  w i l l  
con t i nue  t o  be e x p l o i t e d .  
m a t r i x  i n t e r f a c i a l  adhesion w i l l  be emphasized 
as the rmop las t i cs  which t r a d i t i o n a l l y  have 
poor  f i b e r - r e s i n  i n t e r f a c e s  become pr ime 
m a t r i x  m a t e r i  a1 s .  

compressive p r o p e r t i e s ,  f i b e r  p r o p e r t i e s ,  neat  
r e s i n  p r o p e r t i e s  and composi te m i c r o s t r u c t u r e  
need t o  be es tab l i shed  i n  o rde r  t o  improve 
b o t h  compression and pos t - impact  compression 
behav io r .  Th i s  w i l l  r e q u i r e  i n t e r d i s c i p l i n a r y  
c o o p e r a t i o n  between s t r u c t u r e s ,  mechanics and 
polymer t e c h n o l o g i s t s .  

A recen t  NASA Research Announcement 
reques ted  proposa ls  i n  bo th  composite 
s t r u c t u r e s  and m a t e r i a l s  techno logy .  
t h e  f i r s t  a c t i o n  i n  a new NASA f i v e  y e a r  
Advanced Composites Program t h a t  c o u l d  i n v o l v e  
expend i tu res  i n  excess o f  100 m i l l i o n  
d o l l a r s .  The program was designed t o  he lp  
r e a l i z e  the  f u l l  p o t e n t i a l  o f  composi te 
m a t e r i a l s  i n  a i r c r a f t  by deve lop ing  o p t i m a l l y -  
des igned composi t e  s t r u c t u r e s  which are  more 
s t r u c t u r a l l y  e f f i c i e r t  and more c o s t  e f f e c t i v e  
t h a n  c u r r e n t  metal  1 i c  o r  s t a t e - o f - t h e - a r t  
compos i te  s t r u c t u r e s .  The program w i l l  

t i v e  s ' . ructur?l  desigrl  concepts,  cos t -e f fec -  
t i v e  fdb r iCa+ iOn  techniques and advanced 
o rgan ic  m a t r i x  m a t e r i a l s .  M a t e r i a l s  techno lo-  
g i e s  i n c l u d e  syn thes is ,  f a t i g u e  and f r a c t u r e  
c h a r a c t e r i z a t i o n ,  durab i  1 i t y  , i n t e r f a c e  
research  and advanced f i b e r  placement 
techn iques .  The issues, approaches and p a y o f f  
f o r  t he  m a t e r i a l s  p o r t i o n  o f  t he  program are 
o u t l i n e d  i n  F igu re  21. 

TECHNOLOGY TRANSFER - The Po lymer ic  
M a t e r i a l s  Branch a t  NASA-Langley has been 
ex t remely  a c t i v e  t r a n s f e r r i n g  bas i c  technology 
t o  i n d u s t r y .  Technology t r a n s f e r  i s  viewed as 
e s s e n t i a l  t o  N A S A ' s  miss ion .  Prev ious  
exper ience has shown t h a t  bo th  p a r t i e s  b e n e f i t  
f rom the  exchange and i n t e r a c t i o n .  A l i s t  o f  
companies which have rece ived  LARC-TPI 
p o l y i m i  de techno1 ogy devel oped a t  Langley i s  
shown i n  F igu re  22. Th is  rep resen ts  on ly  a 
smal l  p o r t i o n  o f  the t o t a l  Langley polymer and 
composi te a c t i v i t i e s  i n v o l v e d  i n  technology 
t r a n s f e r .  

I t  c o u l d  he lp  

S tud ies  on f i b e r -  

B e t t e r  r e l a t i o n s h i p s  between composite 

I t  i s  

I emphasize th ree  bas ic  techno log ies :  innova- 
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Resin 

Table 1 

Some Des i red  P r o p e r t i e s  o f  Resins and Composites 

4 5 0 - ?  Ksi 

170-220 Ksi 

14-18 Ksi 

14-18 Ksi 

14-18 Ksi 

8-10 % 

5-11 in.-lb/in.2 
(80 0-2000J/ m2 1 

>SO % 

Roperty at RT Composite 

O'tensile & compressive moduli 

shear modulus 

0' tensile strength 

0' compressive strength 

shear strength 

strain-to-failure 

retention of RT properties 
at elevated temp wet 

20 Msi 

0.8-1.0 Msi (G,2) 

280-300 Ksi 

200-240 Ksi 

16 Ksi ITl2) 

>1.5 

4-6 in.-lb/in.2 
(700-1050 J/m2) 

>so % 

compressive s t rength after 1500 in.-lb/in. 

impact on quasi-isotropic panel 

50 Ksi 

(0.6 % strain) 

Tab le  2 

R e l a t i o n s h i p  Between Neat Resin Modulus and 0' Composite Compression S t r e n g t h  

1x1 
~ 

Eresin cr composite 
(ksi) (ksl) H ypothetcal 

resin RT/dry 1 80°F/wet RT/dry 1 80°F/wet 

1 600 450 232 182 
2 500 370 203 160 
3 400 300 167 138 
4 300 200 138 94 
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Table 3 

RT 

Short Beam Shear and Flexure Properties o f  AS-4/LARC-TPI Composites 

Test temp., S B S  S t . ,  Flex. S t . ,  Flex. Mod.,  
OC (OF1 .- Ksi Ks i Ms i 

IARC-TPI  ' 

14.9 326 ! 16.7 1 
I I 3507 I 12.8 

R T  9.2  13 7 12.8 
93 (200) 8.8 121 12.6 

149 (300) 8.4 111 11.1 
177 (350) 7.8 99 12.1 

LARC-TPI. 2.5 % Bisamideacid * *  

298 16.3 

RT 13.5 24 2 14.7 
93 (200) 12.0 213 14.4 

205 (400) 8.4 160 14.1 

50 70 f iber vol., Tg 253-258OC, C-scan bad 
** 48 % f iber vol. ; Tg 238OC; C-scan good 

Table 4 

Mechanical Properties o f  AS-4/2:1 Bismaleimide: Polyimidesulfone Semi-IPN Composites 

Flexural 
shear strength, Ksi  Ksi I modulus, Msi 
Short beam 

Table 5 

Ti/Ti Adheiive Properties o f  a ?olyarylene Ether and an Ethynyl-Terminated Polyarylene Ether 

7 1 / 1 1  A D H f S l V E  P R O P E R T I E S  P S I  (RPA)  
If ST 

C O W D l T  I O N  

25.C 
93'C 

25'C AFTER 12 HR b 0  BOIL 
93'C Af lER 72 HR H a 0  BOIL 
w c  AFTER 72 HR IN HYDRAULIC w i n  
93 'C  AFTER 12 Ha IW H Y n R A U L l C  FLUID 

' P A S A - J t L L  107 SURFACE T R F A T M N T  
' R 1  ?04'C/50 PSI  (0 .34  W h ) ,  HOLD IO M I U  
' R I  177'C. C O Y T A C l  PRLSSllRC, 10 M I Y ;  5n P S I ,  HOLD 70 RIW;  H f A l  TO 232'C/50 

PSI .  HOLD 0.5 HR 
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Table  6 

Mechanical P r o p e r t i e s  o f  Carbon F i b e r  C lo th  Laminates F a b r i c a t e d  w i t h  an Ethynyl -Terminated 
Po lyary lene  Ether/Acetylene-Terminated Polysul fone M a t r i x  i 

T E S T  

FLEXURAL S T -  

FLEXURAL HOD 

SHORT BEAN SHEAR S T -  

T E S T  C O N D I T I O N  

9 3 " C ,  DRY 
9 3 " C ,  WET 
9 3 " C ,  DRY 
9 3 " C ,  WET 
93"C, DRY 
93"C,  WET 

VALUE 

112 KSI 
105 Ksx 

10.5 MSI 
11.0 H S I  

8.1 KSI 
9.2 KSI 

'F3T584 CLOTH; AUTOCLAVE CURE, RT * 2 3 2 " C ,  80 PSI ,  
HELD 2 HR; THICKNESS, 0.115 INCH; F I B E R  VOLUME, 59% 

Table  7 

P r o p e r t i e s  o f  PMR-15 and PMR-15/LARC-TPI Semi-IPN Compos1 t e s  

PMR-15 Semi-IPN PMR-15/LARC-TPI 
Cure temp, OC 316  316 
Tg, OC 3 5 2  250 
G,c, J/m2 a5 476 

Microcracks after 1000 50 
thermal cycles, crackslin. 

0 

Poor damage tolerance and delamination resistance 

High material costs (fibers/toughened resins) 

0 Labor intensive manufacturing procedures 

0 lnsuff icient data base for accurate risk assessment 

0 Inadequate analytical tools to predict structural integrity 

0 Certification requirements 

F i g u r e  1. B a r r i e r s  t h a t  l i m i t  composite a p p l i c a t i o n s  t o  a i r c r a f t .  
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1. Increased fiber strain 

Impact 2. Good resin shear strength 

3. Moderate interlaminar fracture toughness: G I ~ ,  G1lC 

4. Moderate resin fracture toughness 

5. Good fiberlresin interfacial adhesion 

6. High composite 00 compressive strength 

7. High post-impact compressive strength 

8. High resin modulus 

9. Good time -dependent properties: fatique, creep 

10. Low viscosity prepregging resin 

12. Solvent-resistant resin 

13. The r moox ida t ive stab i I i ty 

11. Melt-processable resin 

IEmpirical relationship between 3 and 4)  

I 
Delamination 

(Empirical relationship between 3 and 7)  

(Empirical relationships between 6 and 8, 3 and 8) i Compression 

.006 Failure 
strain 

.004 

.002 

F i g u r e  3 .  

D AS413502 - 
0 AS4-2220-1 

P V  a 6 AS4/2220-3 
- 0 AS6/5245C 

--cI a COURTJPEEK 
4? 0 CHS/ 1504 

v T6C/HX205 
I 1 I I 

F i g u r e  2 .  Desi red  c o n s t i t u e n t  property  needs f o r  h igh performance composites. 

.010 r n 1000 in.-lb/in. 0 T30015208 
G T300/BP907 
A T300/9 14 

1 I 1 I k J/rnL 

0 2 4 6 8 1 0 1 2  
Gk, in.-lb/in. 2 

Compression a f t e r  impact f a i l u r e  s t r a i n  versus composite i n t e r l a m i n a r  f r a c t u r e  toughness 
(GIG). 
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COMPOSITE 

INTERLAMINAR 

FRACTURE 

ENERGY (KJlm21 

0 
0' 

P" 
0' 

0 
0 

Resns 

Thermoset 
Experimental 
Toughened 

I 1 I I 1 I P  

/ T6rmoset 
+ Thermophstc 

1 2 3 4 5 6 7 

RESIN FRACTURE ENERGY ( K J I ~  

175 J/m2 = 1 ln.-lb/ln2 
F i g u r e  4 .  Resin f r a c t u r e  toughness versus composite i n t e r l a m i n a r  f r a c t u r e  toughness ( G I ~ ) .  

700 

600 Resin 
tensile 5oo 

modulus, 

E' 4 0 0  
ksi 

(RT/dry) 300 . 
2 0 0  

5245 
5208 / r 1806 

I I I J 
0 .5 1 .o 1.5 2 .o 
I 1 1 k JlF2 I 1 I 

0 2 4 6 8 10 12 

Composite Glc, in.-lb/in.2 
(RT/dry) 

F i g u r e  5. Resin modulus versus composite i n t e r l a m i n a r  f r a c t u r e  toughness ( G I ~ ) .  

0 
II 

0 
I 1  

I I  
0 

: !  

c, I 2n H,O 
z=-so*- 
Polyi mides u lfone L 

0 O t  II 

+ N { ~ ! X y : l ~ Z - O f  II II n 

C 0 

. 

F i g u r e  6 .  Chemistry o f  LARC-TPI and poly imidesul fone.  
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II I I  
0 0 

MP 172-175OC 

Bisimide 
MP 442-445OC 

F i g u r e  7 .  Bisamideacid from PMDA and a n i l i n e .  

1 o7 

l o 6  

Complex 
viscosity, 

poise 

F i g u r e  8. Complex 

Melt 
flow 
no. 

10' 

10' 

i o 3  

10 
0 10 20 3040 50 60 7 0 8 0  90100 

Cure time, min. 

mel t  v i s c o s i t y  versus cure t ime f o r  LARC-TPI powder. 

58 r 

0 33 50 67 

% LARC-TPI Semicrystalline powder 

F i g u r e  9. M e l t  flow numbers f o r  blends o f  LARC-TPI s e m i - c r y s t a l l i n e  powder i n  LARC-TPI amorphous 
po 1 yme r . 
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Short 
beam 
shear 

strength, 
psi 

20 

10 

RT 

35OoF i lo3 I 15 

285 i 300 

200 

100 

X IO 

Flexure 
strength, 

psi 

0 67 0 67 

% LARC-TPI Semicrystalline powder 

Figure 10. Mechanical properties o f  AS-4 composites made with LARC-TPI amorphous polymer and 67:33 
blend o f  LARC-TPI semi-crystal 1 ine powder: LARC-TPI amorphous polymer. 

RT 

Figure 1 1 .  

Short 
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SYNTHESIS OF POLYlMlDES SYNTHESIS OF DIAMINES 

A H  1 K2C03 
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Figure 12. Synthesis o f  new crysta l l ine  polyimides and new diamine monomers. 
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Figure 13. Properties o f  a new crysta l l ine  polyimide, L A R C - C P I .  
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F i g u r e  14. Chemistry o f  a bismaleimide: poly imidesul fone semi-IPN. 
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F i g u r e  15 .  Prepara t ion  o f  a semi-2-IPN from an acety lene- terminated po ly imidesu l fone  and a l i n e a r  
poly imidesul  fone. 
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Figure 16 .  Properties o f  cured ethyny’l-terminated polysulfones. 

f 1  S O L V E N T - S E N S I T I V E  POLYSULFONE 
L I G H T L Y  CROSSLINKED POLYSULFONE 

C E L I O N  6000 
UN I D I HECT IONAL 
LAM 1 NATE 
FLEXURAL 
STRENGTH, K S I  

200 

180 

160 

140 

K T  177°C 
(350°F) 

Figure 17.  Flexural strength of composites made with a linear polysulfone and an 
ethynyl-terminated polysul fone. 
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Figure 18. Chemistry of new polyarylene ethers. 
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F i g u r e  19. Synthesis  of ethynyl - terminated po lyary lene  e thers .  
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F i g u r e  20. Synthesis o f  an e thyny l - te rminated  po lyary lene  ether/acetylene-terminated sulfone 
b lend.  
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